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Abstract

The thermal stability of oxynitride perovskites is very important for the fabrication of

their dense ceramics. In this study, a solid solution of the oxynitride perovskite Sri-xLaxTa1-

x1ixO2N was prepared via the ammonia nitridation of oxide precursors. The oxynitrides

products obtained at x< 0.2 and x = 0.7 had tetragonal and triclinic perovskite-type structures,

respectively. A neutron diffraction study on the oxynitride product obtained at x = 0.2 indicated

that this tetragonal perovskite had a cis-type anion distribution similarly to SrTaO2N. The

tetragonal perovskite released a part of nitrogen at approximately 1000 °C in a nitrogen

atmosphere while maintaining the perovskite structure at least to 1450 °C. The oxynitride

perovskites at x =2 0.5 gradually decomposed to a mixture of LaTiO2N, LaTiOs, La(OH)s, Laz20s,

TiN and TaO above 1100 °C.
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Introduction

Oxynitride perovskites have attracted a lot of attention as photocatalysts and non-

toxic inorganic pigments [1-5]. Oxynitride perovskites absorb visible light because they have

a suitable bandgap related to a higher covalency than oxides. The anion order is an

interesting structural feature that appears in oxynitride perovskites. The local ordering of

nitride and oxide anions in a cis-type configuration has been reported for TaO4N2 octahedra

in SrTaO2N and BaTaO2N and for TiO4Nz in LaTiO2N based on structural analysis and first

principles calculations [6-8]. This ordering may affect the electrical, magnetic and especially

dielectric properties of oxynitride perovskites [9, 10].

Shaping of the oxynitride perovskites, either in bulk ceramics or as thin films, is

necessary for both investigations and applications of dielectric properties [11,12]. High-

temperature sintering of SrTaOzN at above 1400 °C in a 0.2 MPa of nitrogen atmosphere

fabricates dense oxynitride ceramics, however, the original insulating property is lost because

of the partial release of nitrogen during the heating. The sintered SrTaO2N must thus be post-

annealed in ammonia to recover the nitrogen content and thus the insulating property.

Ceramics with a relative density of less than 85% were entirely nitrided using the post-

annealing treatment [13]. The relative dielectric constant & ranged from 330 to 360

depending on the sintering duration at 1400 °C for the post-annealed products. For sintered



ceramics with a relative density of 95% obtained at 1450 °C, only a thin surface layer could

be post-annealed. A ferroelectric response was confirmed on the annealed surface layer

using piezoresponse force microscopy measurements [14].

The thermal stability of the oxynitride perovskite LaTiO2N is very different from that

of SrTaOz2N. SrTaO2N partially releases nitrogen at approximately 950 °C in a nitrogen

atmosphere while maintaining the perovskite structure as a nitrogen deficient oxynitride

SrTaO2No.s [15]. In contrast, LaTiO2N directly decomposes into a mixture of LaTiOs, Laz0s,

and TiN at 1100 °C, even in a nitrogen atmosphere. Perovskite structure cannot be kept as

the nitrogen deficient LaTiO2N perovskite above 1100 °C. Therefore, LaTiO2N is much difficult

to be formed into dense ceramics in the high temperature sintering process although it has

been expected to have much larger dielectric constant value than SrTaO2N [16].

Cationic substitution in oxynitride perovskite is a promising approach for improving

or tailoring their dielectric properties, similar to the cases in perovskite oxides [17,18].

Thermal stability is also modified in the solid solution to fabricate dense ceramics. In this

study, a solid solution of SrTaO2N and LaTiO2N was prepared via the ammonia nitridation of

appropriate oxide precursors. The crystal structure of the oxynitride solid solution was

investigated using neutron diffraction data. The thermal stabilityy, measured using

thermogravimetry, is discussed in relation to the crystal structure.



Experimental

The oxide precursors of SrixLaxTa1xTixO35 (0 < x < 1) were prepared by firing

respective mixtures of SrCOs (99.9%, FUJIFILM Wako Pure Chemicals Co. Ltd.), La203

(99.9%, Kanto Chemical Co. Inc.), Ta20s5 (99.9%, FUJIFILM Wako Pure Chemicals Co. Ltd.),

and TiOz2 (99.99%, High Purity Chemicals Co. Ltd.). The starting powders were mixed by ball-

milling using zirconia balls (5 mme®) and a pot with ethanol. Then the mixtures were heated

at 1400 °C for 40 h with intermittent regrindings. The oxide precursors were nitrided on

alumina boats placed in a silica tube furnace at 1000 °C for 30 h under an NHs flow of 100

mL/min.

The phase purity was studied using powder X-ray diffraction (XRD, Ultima IV,

Rigaku) with Cu-Ka radiation operated at 40 kV and 40 mA. The data were collected at

0.02 °/step in the range of 20 ° <260 < 70 °. Monochromatized Cu-Ka1 radiation operated at

40 kV and 200 mA was also used for the powder XRD measurements (SmartLab, Rigaku) to

determine the detailed crystal structure of the samples. Neutron diffraction data were

obtained at beamline BL20 (iMATERIA) [19] at the Japan Proton Accelerator Research

Complex (J-PARC) at 27 °C and analyzed using the software Z-Rietveld (Windows ver.

1.0.2.0) [20]. The thermal behavior of the oxynitride products was investigated using



thermogravimetry — differential thermal analysis (TG-DTA, STA2500-Regulus, Netzsch) in a

nitrogen flow of 200 mL/min. The sample chamber was evacuated to 10 Pa prior to the

measurements. Approximately 40 mg of the samples was heated in an alumina pan to

1450 °C at a rate of 20 °C/min.

Results and discussion

Single phases of the oxide precursors, SrTaOss and LaTiOs.s were obtained at x =

0 and 1, respectively as shown in Fig. 1(a). Both SrTaOss and LaTiOss have a layered

perovskite structure consisting of perovskite-type slabs [21,22]. SrTaOs.s crystallizes in an

orthorhombic Cmcm space group, whereas LaTiOs s crystallizes in a monoclinic P21 due to

the distortion of the TiOs octahedron. The products at x = 0.2 and 0.7 were in different crystal

structures similar to those of the end members of SrTaOss and LaTiOss, respectively. A

mixture of the solid solutions was obtained at x = 0.5.
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Figure 1 (a) XRD patterns for the oxide precursors of SrixLaxTa1xTixOs.5. Diffraction lines

marked with filled and open triangles correspond to SrTaOss and LaTiOss, respectively. (b)

XRD patterns for oxynitride perovskite solid solutions, (c) magnified XRD patterns obtained

using Cu-Ka1 radiation, and (d) lattice parameters depending on x in Sri-xLaxTa1-xTixO2N.

The lattice parameters are plotted as a perovskite unit to facilitate comparison between the

two kinds of solid solutions.

Single phases of the perovskite structure were obtained for the entire composition

range of Sri-xLaxTa1-xTixO2N after nitridation at 1000 °C in ammonia, as shown in Fig. 1(b).
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The diffraction peaks of the perovskite structure shifted toward a higher diffraction angle with

increasing x. Simultaneous substitution of Sr?* and Ta%" with La®* and Ti**, which have

smaller ionic sizes, shrunk the perovskite lattice [23]. SrTaO2N (x = 0) is a tetragonal

perovskite with the space group /4/mcm and LaTiO2N (x = 1) has a triclinic (/1) perovskite

structure [7,16,24]. A highly symmetric perovskite structure with the space group Imma was

also reported for LaTiO2N prepared using the ammonia nitridation method with NaCl flux [25].

Powder XRD patterns for the products were measured using Cu-Ka1 radiation to investigate

the crystal structures of the products depending on x. Figure 1(c) shows the magnified XRD

patterns around a diffraction line from the 404 plane of the tetragonal SrTaO2N. The diffraction

line splits into four peaks, namely 004, 400, 044, and 440, in the triclinic LaTiO2N perovskite

obtained at x = 1. A single diffraction line can be clearly observed for x = 0.2 and a shoulder

peak appears in higher diffraction angle side for x = 0.7. The present solid solutions were in

tetragonal perovskite below x = 0.2 and in triclinic perovskite above x = 0.7. It is very difficult

to confirm whether the oxynitride obtained at x = 0.5 is a tetragonal or triclinic perovskite from

the XRD pattern shown in Fig. 1(c). Thermogravimetric analysis results and the crystalline

phases of the resultant product suggest the present oxynitride obtained at x = 0.5 is a mixture

of these perovskite phases in different crystal structure, as discussed in later. The lattice

parameters in both solid solutions linearly decrease with increasing x in the respective



compositional range of x < 0.2 and x =2 0.7, as shown in Fig. 1(d).

The crystal structure of the oxynitride product obtained at x = 0.2 was investigated

using neutron diffraction data. A tetragonal perovskite structure was refined with the space

group /4/mcm, similar to the SrTaO2N, and showed reasonable fit, as shown in Fig. 2. The

refined site occupancies at the cation sites are mostly consistent with the nominal chemical

composition of SroslLao2TaosTio202N as summarized in Table 1. The oxygen/nitrogen

occupancies are 0.562(2)/0.438(2) and 0.719(1)/0.281(1) for the 4a and 8h sites, respectively.

Total nitrogen content was constrained to be 1 in the refinement. The anion distribution is

similar to that in SrTaO2N, which is assumed to have a cis-type configuration of nitrogen

atoms, i.e., ideally O/N(4a) = 0.5/0.5 and O/N(8h) = 0.75/0.25 in the TaO4N2 octahedron. The

occupancies in the oxynitride solid solution obtained at x = 0.2 were assumed to be O/N(1)

= 0.5/0.5 at the apical site (4a) and O/N(2) = 0.75/0.25 at the equatorial sites (8h) of

octahedra around Ta®*/Ti**. Much larger temperature factor was obtained for the O/N(1) site

similarly to the case of SrTaO:zN [7]. Bond distances in the Ta/Ti octahedra are shorter for x

= 0.2 because the ionic size of Ti** is smaller than that of Ta%*. The substitution of Sr2* with

the smaller La®* distorted the Ta/Ti-(O/N)s octahedral network and the bond angle ZO/N(2)-

Ta/Ti-O/N(2) decreased in the solid solution obtained at x = 0.2. The crystal structure of the

oxynitride solid solution with a tetragonal perovskite structure was similar to that of SrTaO2N.



Therefore, similar thermal stability of the oxynitride obtained at x = 0.2 was expected to that

for SrTaO2N.
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Figure 2 Neutron diffraction profile for the oxynitride perovskite Sro.sLao.2Tao.sTio.2O2N.

Table 1 Crystal parameters and reliability factors of SrTaO2N and Sro.sLao.2Tao.sTio.2O2N,

which were obtained by the Rietveld analyses of neutron diffraction data taken at 27 °C.

Chemical formula SrTaO2N Sro.sLao.2Tao.sTio.202N
Crystal system Tetragonal Tetragonal
Space group 14/mecm 14/mcm

al/nm 0.570093(2) 0.567642(2)
c/nm 0.808086(9) 0.805345(5)

Rwp | % 9.80 5.98

Ro ! % 8.03 4.58

Re | % 3.96 2.10

S 2.47 2.84

Sr/La, 4b, (0, 1/2, 1/4)

Site occupancies Sr/La 1/0 0.809(3)/0.191(3)
Uiso* / 102 nm? 0.0.0078(1) 0.0124(1)

TalTi, 4c, (1/2, 1/2, 0)

Site occupancies Ta/Ti 1/0 0.805(3)/0.195(3)
Uiso* / 102 nm? 0.0044(1) 0.0034(1)
O/N(1), 4a, (0, 0, 1/4)

Site occupancies O/N 0.551(8)/0.449(8) 0.562(2)/0.438(2)
Uiso* / 102 nm? 0.0289(3) 0.0427(2)

OIN(2), 8h, (x, x-1/2, 0)
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X 0.7689(8) 0.7718(2)
Site occupancies O/N 0.725(3)/0.275(3) 0.719(1)/0.281(1)
Uiso* / 102 nm? 0.0083(1) 0.0105(1)

*the anisotropic displacement parameters are shown in Table 2.

Table 2 Room-temperature anisotropic parameters (x10° nm?) of SrTaO2N and
Sro.sLao.2Tao.sTio.202N.

Chemical formula atom site  Un=U2z Uss Uiz Uzs=U13s
SrTaO2N Sr 4p  0.0011(2) 0.0221(5) 0 0
Ta 4c  0.0061(2) 0.0086(5) 0 0
O/N1  4a 0.0433(3) 0.0260(5) 0 0
O/N2 8h 0.0089(1) 0.0073(3) 0.0106(2) 0
SrosLao2TaosTio202N  Sr/lLa 4b  0.0146(2) 0.0068(4) 0 0
Ta/Ti  4c 0.0043(1) 0.0016(2) 0 0
O/N1  4a 0.0435(3) 0.0235(4) 0 0
O/N2 8h 0.0068(1) 0.0267(3) 0.0059(1) 0

Table 3 Selected bond distances and angles in SrTaO2N and Sro.sLao.2Tao.sTio.2O2N refined

based on neutron diffraction data.

SrTaO2N Sro.sLao.2Tao.sTio.202N
Bond distances / nm
Ta/Ti — O/N(1) 0.202022(3) 0.201336(3)
Ta/Ti — O/N(2) 0.2021(5) 0.20145(15)
Angles / °
O/N(2)-Ta/Ti-O/N(2) 171.4(3) 170.03(12)

The thermal behavior of the oxynitride solid solutions was examined using TG/DTA

in a nitrogen atmosphere. The results are shown in Fig. 3. As reported in our previous paper

[15], the weight loss of SrTaO2N started at approximately 1000 °C. The weight loss of 0.8

wt% corresponds to a partial release of nitrogen from SrTaO:zN, creating nitrogen-deficient

11



SrTaO2No.s. Weight loss below 600 °C is attributed to a release of adsorbates, such as CO2

and the humidity in ambient atmosphere. The product heated at 1450 °C after the partial

nitrogen release was dark green in color and maintained the perovskite structure having a

trace amount of TaO as shown in Fig. 4(a). The first weight loss started at approximately

850 °C for the LaTiO2N perovskite. The second weight loss, corresponding to a

decomposition reaction, was observed at above 1100 °C. The product was a mixture of

LaTiOz2N, LaTiOs, La(OH)s, TiN, and La20s, as shown in Fig. 4(e). In the oxynitride solid

solution obtained at x = 0.2, the first weight loss started at a lower temperature of 900 °C

than the temperature in SrTaO2N and the second weight loss does not appear below 1450 °C.

The first weight loss amount was about 1.0 wt%, which is larger than that for SrTaO2N. It

corresponds to a chemical composition of Sro.sLao.2Tao.sTio.202No.79 assuming that the Sr, Ta,

La, Ti, and O content did not change during heat treatment. The product maintained the

perovskite structure, similar to SrTaO2N, and had a small amount of the impurity phase TaO.

A large second weight loss at above 1100 °C was observed for the oxynitride obtained at x =

0.7. The product was contaminated with La203 and TiN suggesting that the perovskite phase

decomposed. For x = 0.5, a very small second weight loss appeared at above 1200 °C and

the product contained a TiN impurity phase, as shown in Fig. 4(c). The oxynitride solid

solutions obtained at x = 0 and 0.2 both had a tetragonal perovskite structure with the space

12



group /4/mcm and high thermal stability. Only a part of nitrogen was released from the

oxynitrides, which maintained their perovskite structure, becoming nitrogen-deficient

perovskites. It has been suggested that the partial loss of nitrogen leads to the formation of

a more isotropic perovskite structure, which loses the local ordering in the cis-TaO4N2

octahedra with nitrogen loss during heating [15].
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Lo b b b o b s by o
200 400 600 800
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1000 1200 1400

Figure 3 TG curves for oxynitride perovskites Sri«LaxTa1xTixO2N in N2 atmosphere.
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Figure 4 XRD patterns for oxynitride perovskites SrixLaxTa1xTixO2N after TG measurement
at 1450 °C in N2 flow. (a) x = 0, (b) 0.2, (c) 0.5, (d) 0.7 and (e) 1. Blue circles, red circles,
yellow diamonds, green triangles, blue and open inverse triangles were assigned for LaTiO2zN,

LaTiOs, La(OH)s, La20s, TiN and TaO, respectively.

Sintering behavior was studied on the series of the oxynitride solid solution at above
1400 °C in a 0.2 MPa N2 atmosphere. Black sintered ceramics were obtained on the
oxynitrides at x = 0 and 0.2. They were nitrogen-deficient perovskites. Relative density was
85% at x = 0.2 and 80% at x = 0 on the ceramics obtained at 1800 °C for 3 hours. The
oxynitrides obtained at x =0.5, 0.7, and 1 did not sinter well because they decomposed at

high temperature even under the 0.2 MPa N2 atmosphere. The slightly higher relative density

14



in the oxynitride obtained at x = 0.2 might be attributed to an enhanced diffusion in the

oxynitride related to the thermal decomposition in solid solution in higher x-value. The

sintered ceramics were electrically conductive because of the partial nitrogen loss

accompanied by a reduction of Ta%*/Ti**. Further investigation on the recovery of the nitrogen

content to the stoichiometric composition should be performed to study the dielectric

properties.

Conclusion

Two kinds of perovskite phases were obtained in a SrixLaxTa1xTixO2N solid solution.

One was a tetragonal perovskite with the space group l4/mcm similar to SrTaO2N in the

compositional range below x = 0.2. It released a part of nitrogen while maintaining the

perovskite structure at above 1450 °C even in nitrogen atmosphere. The cis-type anion

configuration in the tetragonal oxynitride obtained at x = 0.2 was clarified using a structural

analysis based on neutron diffraction data. It has a possibility to obtain its ceramic body. The

other was a triclinic perovskite above x = 0.7. The perovskite structure was easily

decomposed in high temperature above 1100 °C.
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